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Regulation of cargo transport via adaptor mole-
cules is essential for neuronal development. How-
ever, the role of PDZ scaffolding proteins as
adaptors in neuronal cargo trafficking is still poorly
understood. Here, we show by genetic deletion in
mice that the multi-PDZ domain scaffolding protein
glutamate receptor interacting protein 1 (GRIP1) is
required for dendrite development. We identify an
interaction between GRIP1 and 14-3-3 proteins
that is essential for the function of GRIP1 as an
adaptor protein in dendritic cargo transport. Mech-
anistically, 14-3-3 binds to the kinesin-1 binding
region in GRIP1 in a phospho-dependent manner
and detaches GRIP1 from the kinesin-1 motor pro-
tein complex thereby regulating cargo transport. A
single point mutation in the Thr956 of GRIP1 in
transgenic mice impairs dendritic development.
Together, our results show a regulatory role for
GRIP1 during microtubule-based transport and
suggest a crucial function for 14-3-3 proteins in
controlling kinesin-1 motor attachment during
neuronal development.
INTRODUCTION
Understanding the mechanisms that underlie proper neuronal
communication and thus brain function is paramount. Dendrites
determine from which neighboring cells neurons receive input
and accordingly, neurons can modulate their input by altering
the area covered by their dendritic trees. Moreover, following
synaptic activation, the dendrite morphology affects how synap-
tic signals decay as they propagate along the dendrite toward
the soma (Wong and Ghosh, 2002). Indeed, pathological condi-
tions and mental disorders such as ischemia and Down’s syn-Developmdrome are correlated with alterations in dendritic patterning
(Kaufmann and Moser, 2000; Ruan et al., 2006).
Neurons can modulate their signal input not only by altering
the area covered by the dendritic tree, but also by adapting the
strength of their synapses. Neurons regulate the surface expres-
sion of neurotransmitter receptors inserted into the postsynaptic
membrane, and this mechanism is thought to underlie some
forms of synaptic plasticity such as long-term potentiation and
depression (Lu¨scher et al., 1999; Shepherd and Huganir,
2007). Neurotransmitter receptors, such as AMPA-type gluta-
mate receptors (AMPARs) are stabilized at postsynaptic sites
via scaffolding molecules present in the postsynaptic density
(PSD) (Sheng and Hoogenraad, 2007). PSD-95/DLG/ZO-1
(PDZ)-containing scaffolding proteins organize glutamate recep-
tors and their associated signaling proteins and determine the
size and strength of synapses (Opazo et al., 2012) but also
play a role outside of synapses (Vessey and Karra, 2007). For
example, PDZ scaffolds on the surface of cargo vesicles can
act as adaptors for microtubule and actin-based motor proteins
and key regulators of axonal outgrowth and dendritic develop-
ment (Hirokawa et al., 2010; Schlager and Hoogenraad, 2009).
Glutamate receptor interacting proteins (GRIPs) are multi-PDZ
domain scaffolding proteins expressed in a somato-dendritic
pattern in neurons (Dong et al., 1999). There are two members
of the GRIP family: GRIP1 andGRIP2/ABP (AMPA receptor bind-
ing protein) with ABP being a short splice variant of GRIP2
(Bru¨ckner et al., 1999; Dong et al., 1997, 1999; Srivastava
et al., 1998). GRIPs interact with the GluA2/3 subunits of
AMPARs, thereby regulating AMPAR turnover at the postsyn-
aptic site (Dong et al., 1997; Essmann et al., 2008; Lu and Ziff,
2005; Osten et al., 2000; Wyszynski et al., 2002). In addition,
GRIP binds various receptor and signaling proteins, such as
EphB receptors, ephrinB ligands, the proteoglycan NG2, the
Fraser syndrome protein Fras1, and matrix metalloproteinase 5
(Kim and Sheng, 2004). GRIP1, but not GRIP2, silencing by small
interfering RNA (siRNA) in cultured hippocampal neurons causes
a loss of dendrites and impaired microtubule motor kinesin-1/
KIF5-mediated transport of cargos to dendrites (Hoogenraad
et al., 2005).ental Cell 28, 381–393, February 24, 2014 ª2014 Elsevier Inc. 381
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Figure 1. GRIP1 Is Important for Dendritic Arborization
(A–D) Overexpression of GRIP1 enhances dendritic arborization. 1 DIV cultured hippocampal neurons were transfected with either GFP alone (Co) or with GFP
together with a GRIP1-WT-myc construct (GRIP1) and stained for GFP and MAP2 at 6 DIV. Representative images are shown in (A). Sholl analysis and quan-
tification of the average number of crossings (mean ± SEM) within 40 mm distance from the soma are shown in (B) and (C) (n = 15). Number of primary dendrites
(5 mm from the soma) is shown in (D).
(E–H) Lack of GRIP1 decreases dendrite formation. Dissociated hippocampal neurons fromGRIP1 knockout mice (GRIP1KO) andwild-type (WT) littermates were
transfected with GFP at 1 DIV and stained for GFP and MAP2 at 3 DIV. Representative images of neurons are shown in (E). Sholl analysis and quantification
performed as in (B) and (C) are shown in (F) and (G) (n = 15). Number of primary dendrites (5 mm from the soma) is shown in (H).
See also Figure S1.
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GRIP1/14-3-3 Controls Cargo TransportHere, we show that GRIP1-14-3-3 interaction regulates den-
dritic morphogenesis and transport of cargos in neurons. Mutant
mice lacking GRIP1 show defects in dendritic arborization that
are rescued in vivo by a transgene expression of GRIP1 protein.
We identify the highly conserved 14-3-3 proteins as GRIP1-inter-
actors that are essential for the function of GRIP1 as an adaptor
protein in dendritic cargo trafficking. We found that 14-3-3 pro-
teins bind to Thr956 in GRIP1 in a phosphorylation-dependent
manner releasing GRIP1 from the kinesin-1 motor complex.
We propose amodel in which the 14-3-3 pathway controls dock-
ing of kinesin-1 toGRIP1 transport cargos in order to form proper
dendrites.
RESULTS
Genetic Disruption of GRIP1 Impairs Dendritogenesis
The synaptic scaffolding protein GRIP1 plays an important role in
dendritic arborization and maintenance. In dissociated hippo-
campal neurons, GRIP1 silencing by siRNA causes dendritic
loss, whereas GRIP1 overexpression causes an increase in
dendrite branching (Hoogenraad et al., 2005). To investigate
whether the previously reported increase in dendritic branching
after GRIP1 overexpression also occurs in young neurons, we
transfected dissociated hippocampal neurons in culture at
1 day in vitro (DIV) with wild-type (WT) GRIP1 together with382 Developmental Cell 28, 381–393, February 24, 2014 ª2014 ElsevGFP to trace neurites. Five days after transfection, we quantified
dendrite branching by using Sholl analysis. Only neurites positive
for the dendritic marker microtubule-associated protein 2
(MAP2) were quantified to exclude axons from the analysis.
Indeed, overexpression of GRIP1 resulted in an increase in den-
drites (Figures 1A–1D and Figure S1A available online). Overex-
pression of GRIP1 at later stages (DIV14) also resulted in
augmentation of the number of dendrites (Figures S1B–S1D).
Genetic deletion of GRIP1 results in subepidermal hemorrhag-
ic blisters, renal agenesis, syndactyly or polydactyly, and perma-
nent fusion of eyelids leading to early embryonic lethality
(Takamiya et al., 2004). GRIP1 knockout (KO) mice on the
C57BL/6 background, however, developed to term allowing us
to study dendritic arborization in hippocampal neurons isolated
from embryonic day E15. In agreement with the impairment of
dendritogenesis following GRIP1 silencing in hippocampal
neurons (Hoogenraad et al., 2005), genetic deletion of GRIP1 re-
sulted in reduced dendritic arborization at 3 DIV (Figures 1E–1H)
and at later stages in 6 DIV (Figures S1E–S1G) and 14 DIV hippo-
campal neurons (Figures S1H–S1J). Thus, these results indicate
that GRIP1 plays a crucial role in dendritic patterning.
14-3-3 Interacts with GRIP1
To identify the molecular mechanisms by which GRIP1 exerts its
function on dendritic development in vivo, we performed aier Inc.
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GRIP1/14-3-3 Controls Cargo Transportdirected proteomic analysis of GRIP1-binding proteins in the
brain of transgenic mice by using the tandem affinity purifica-
tion-mass spectrometry (TAP-MS) methodology (Angrand
et al., 2006). Transgenic mice were generated carrying a vector
expressing C-terminal TAP-tagged GRIP1 under the control of
the human ubiquitin C promoter (UbiGRIP1-CTAP). UbiGRIP1-
CTAP transgenic mice in C57BL/6 genetic background were
fertile and did not show any gross phenotypic abnormalities
(data not shown). Furthermore, GRIP1-CTAP transgene expres-
sion was detected in all examined tissues and in a pattern com-
parable to endogenous GRIP1 expression (Figure 2A). Protein
extracts were obtained from UbiGRIP1-CTAP mouse brain and
subjected to TAP-purification. Subsequently, isolated protein
complexes were analyzed by LC-MS/MS as previously
described (Angrand et al., 2006). With this direct in vivo prote-
omics approach, 14-3-3 proteins were found as putative
GRIP1-interacting proteins. 14-3-3 proteins are highly
conserved small acidic proteins, which prevalently regulate
cellular processes by binding to specific phosphoserine and
phosphothreonine motifs within target proteins (Muslin et al.,
1996). Seven mammalian 14-3-3 isoforms exist (b, g, ε, z, h, t,
and s) (Ichimura et al., 1988) and all of them were obtained in
the GRIP1-CTAP purification (data not shown). Next, we bio-
chemically confirmed the interaction of endogenous 14-3-3
with GRIP1 by coimmunoprecipitation assays from adult mouse
brain lysates (Figure 2B). Immunoprecipitation with antibodies
against GRIP1 resulted in the coprecipitation of 14-3-3 proteins
and vice versa, anti-14-3-3 antibodies coprecipitated endoge-
nous GRIP1 proteins from mouse brain.
We next mapped the region of GRIP1/14-3-3 binding.
Various V5-tagged deletion constructs containing distinct frag-
ments of GRIP1 were generated (Figure 2C) and expressed in
HeLa cells together with HA-tagged 14-3-3. Subsequently,
coimmunoprecipitation assays with HeLa cell lysates were per-
formed. Only fragments of GRIP1 containing amino acids 868–
979 of the linker region L2 between PDZ6 and PDZ7 coprecipi-
tated with 14-3-3, indicating that this fragment of the L2 region
is required for 14-3-3 binding (Figures 2D–2F). To test whether
14-3-3 interacts with GRIP1 or whether it also binds to the
homolog GRIP2, we performed immunoprecipitation assays
using L2 region of GRIP1 and GRIP2 and found that 14-3-3
only binds to the GRIP1-L2 (Figure 2G). Additionally, we
confirmed the specific binding of 14-3-3 to GRIP1 and not
GRIP2 in HeLa cells expressing full-length myc-tagged GRIP1
or GRIP2 (Figure 2H).
14-3-3 Proteins Bind to Phosphorylated Thr956 inGRIP1
There are three putative 14-3-3 binding sites in the L2 linker re-
gion (amino acids 852–857, 941–946, and 953–958). All of them
exactly match the optimal sequence motif of the recognition
site RSXp(S/T)XP (Muslin et al., 1996; Yaffe et al., 1997) and
contain either a serine or a threonine residue at position 0.
Because the minimal region required for binding was identified
between amino acids 868 and 979 (Figures 2D–2F) the first 14-
3-3 binding site (852–857) was discarded. We then focused on
the binding sites including serine 944 and threonine 956 in
GRIP1. Phosphorylation of the serine or threonine residues in
14-3-3 binding motifs has been shown to regulate the binding
of 14-3-3 proteins although binding to nonphosphorylatedDevelopmligands has also been shown (Masters et al., 1999; Wang
et al., 1999). In order to investigate whether phosphorylation in-
fluences the binding of 14-3-3 to GRIP1, we performed pull-
down assays by using GST-14-3-3 and GFP-GRIP1L2 from
transfected HeLa cell extracts in the presence of the protein
serine/threonine phosphatase inhibitor okadaic acid and the
broad protein kinase inhibitor staurosporine (Figure 3A). The
binding of GRIP1L2 was increased in the presence of okadaic
acid and absent in the presence of staurosporine, suggesting
that phosphorylation of GRIP1L2 is required for the binding of
14-3-3. Next, the phosphorylation sites in GRIP1L2 were map-
ped by mass spectrometry and revealed that only the threonine
residue at 956, but not the serine residue 944, was phosphor-
ylated in the L2 region (Figures 3B and 3C). To further investi-
gate this phosphorylation site, we mutated Thr956 to alanine
and tested the requirement for the interaction with 14-3-3 in
HeLa cells transfected with the myc-tagged GRIP1 constructs
together with HA-tagged 14-3-3 (Figure 3D). While WT-
GRIP1-myc and GRIP1-S944A-myc coprecipitated with HA-
14-3-3 in HeLa cells, the threonine-to-alanine mutation in
GRIP1-T956A-myc led to a disruption of the interaction of
HA-14-3-3 with GRIP1. These results indicate that the binding
of 14-3-3 to GRIP1 is regulated by the phosphorylation of
T956 in the L2 region of GRIP1.
Thr956 Is Required for GRIP1-Induced Dendritic
Arborization
To examine whether the binding of 14-3-3 to Thr956 in GRIP1
is important for its role in dendritogenesis, we expressed WT
GRIP1 (GRIP1-WT-myc) and the GRIP1 mutant GRIP1-
T956A-myc in dissociated mouse hippocampal neurons (Fig-
ures 3E–3G). As a control, we also expressed the mutant
GRIP1 S944A-myc that still binds properly to 14-3-3 (Fig-
ure 3D). As expected, expressing GRIP1-WT or GRIP1-S944A
in hippocampal neurons resulted in an increase in dendritic
complexity. In contrast, expressing the 14-3-3 binding-defi-
cient GRIP1 mutant GRIP1-T956A failed to induce dendritic
branching, suggesting that the binding of 14-3-3 to the phos-
phorylated Thr956 in GRIP1 is required for GRIP1-induced
dendritic arborization.
Binding of 14-3-3 to Thr956 in GRIP1 Is Required for
Dendrite Development
To address the function of 14-3-3 binding to GRIP1 in vivo, we
generated transgenic mouse lines expressing, under the ubiqui-
tin C promoter, either HA-tagged GRIP1-WT or the 14-3-3 bind-
ing-deficient GRIP1 mutant T956A (Figure S2A). Several
transgenic mouse lines were generated per construct. The
expression levels of transgenic GRIP1 were comparable for all
transgenic lines used in this study (four in total, 2 WT: #1285
and #1301, and 2 T956A: #3614 and #3625) as determined by
western blot (Figure 4A). Immunoprecipitation of endogenous
14-3-3 from brain lysates of the transgenes showed that in vivo
the interaction was reduced in the GRIP1-T956A transgenic lines
compared to the GRIP1-WT transgene (Figure 4B). Rescue ex-
periments were set up to address the requirement of 14-3-3
binding to the GRIP1 function in dendritogenesis in vivo. The
different transgenic lines were backcrossed to generate trans-
genic animals in a GRIP1KO background. Hippocampal neuronsental Cell 28, 381–393, February 24, 2014 ª2014 Elsevier Inc. 383
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Figure 2. GRIP1 Interacts with 14-3-3 Proteins through the L2 Region
(A) GRIP1-CTAP expression in various mouse tissues was monitored by western blot analysis using anti-GRIP1 antibody.
(B) 14-3-3 interacts with GRIP1 in mouse brain. Total brain lysates (TL) of wild-type mice were immunoprecipitated with anti-GRIP1 or anti-14-3-3 antibodies and
analyzed for coprecipitated 14-3-3 or GRIP1 by western blot.
(C) Schematic diagram of V5-tagged constructs with parts of GRIP1. The region required for 14-3-3 binding as determined by coimmunoprecipitation assays is
shown in gray (aa 868–979).
(D–F) Lysates from HeLa cells transfected as indicated were immunoprecipitated with anti-HA and analyzed for coprecipitated GRIP1 parts using an anti-V5
antibody. Overall expression of GRIP1 or 14-3-3 protein levels was assessed by western blot analysis of total cell lysates (TL).
(G) Lysates of HeLa cells transfected with GFP-GRIP1L2 or GFP-GRIP2L2 were immunoprecipitated with anti-GFP-antibody (IP) and analyzed for endogenous
coprecipitated 14-3-3. Overall expression of GRIP1 or 14-3-3 protein levels was assessed by western blot analysis of total cell lysates (TL).
(H) Lysates from HeLa cells transfected with HA-14-3-3z together with GRIP1-myc or GRIP2-myc were immunoprecipitated with anti-HA antibody and analyzed
for coprecipitated GRIP using anti-myc (left panel). Expression of transfected GRIP1, GRIP2 and 14-3-3 was assessed in total lysates (right panel).
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Figure 3. Thr956 of GRIP1 Is Essential for the Interaction with 14-3-3 and for Dendrite Morphogenesis
(A) GST-14-3-3 pull-down from extracts of HeLa cells expressing GFP-GRIP1L2 or GFP-GRIP2L2 and incubated for 1 hr with 1 mMserine/threonine phosphatase
inhibitor okadaic acid and 1 mM kinase inhibitor staurosporine. GFP-tagged proteins were detected by western blotting with anti-GFP.
(B) GRIP1L2 phosphorylation sites identified by mass spectrometry. HeLa cells expressing GFP-GRIP1L2 were incubated for 1 hr with 1 mM okadaic acid,
precipitated, and further processed for mass spectrometry.
(C) GRIP1-L2 predicted 14-3-3 binding sites using motif scan at http://scansite.mit.edu.
(D) Mutation on Thr956 but not on Ser944 disrupts the binding of GRIP1. Lysates from HeLa cells transfected with HA-14-3-3z together with either myc-tagged
GRIP1-S944 > A (GRIP1-myc-S944A), GRIP1-T956 > A (GRIP1-myc-T956A), or a double mutant GRIP1-S944/T956 > A (GRIP1-myc-S/T > A) were immuno-
precipitated with anti-HA and blotted for GRIP1 with anti-myc and for 14-3-3 with anti-HA antibody. Expression levels were assessed in total lysates (TL).
(E–G) Thr956 is essential for the function of GRIP1 in inducing dendritic arborization. 1 DIV cultured hippocampal neurons were transfected with either GFP alone
(black) or with GFP together with various myc-tagged GRIP1 constructs (green, GRIP1-WT; red, GRIP1-T956A; gray, GRIP1-S944A) and fixed at 6 DIV.
Representative images of transfected neurons as indicated are shown in (E). Sholl analysis and quantification of the average number of crossings (mean ± SEM)
within 40 mm distance from the soma of neurons are shown in (F) and (G) (n = 15).
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GRIP1/14-3-3 Controls Cargo Transportisolated from transgenic animals expressing GRIP1WT in the
GRIP1KO background were able to fully rescue the dendritic
phenotype observed in the GRIP1KO animals (Figures 4C,
4D, 4F, and 4G). However, neurons of mice expressing the
binding-deficient GRIP1 (GRIP1T956A) were incapable of
reversing the phenotype and showed comparable loss of den-
drites as observed in the GRIP1KO (Figures 4C, 4E, 4F, and
4H). These results were confirmed with a different transgenic
line for GRIP1WT and GRIP1T956A (Figures S2B–S2E). In or-
der to analyze dendritic development in vivo, we crossed the
transgenic mice GRIP1T956A with the Thy1-GFP transgene.
Hippocampal neurons expressing the transgene GRIP1
T956A analyzed at postnatal day P10 showed a significant
decrease in the complexity of the basal dendritic arbors (Fig-
ures 4I and 4J). These results indicate that the GRIP1 mutant
acts as dominant negative and show the requirement of bind-
ing of 14-3-3 to the Thr956 in GRIP1 for proper dendritogene-
sis in vivo.DevelopmThe GRIP1-L2 Region Mediates KIF5-Dependent
Translocations
How does binding of 14-3-3 to the Thr956 in GRIP1 regulate
dendrite development? Because Thr956 is located in the region
of GRIP that directly binds to the heavy chain of kinesin-1/KIF5
and 14-3-3 proteins frequently compete with other binding pro-
teins by masking interacting motifs (Setou et al., 2002), we hy-
pothesized that 14-3-3 interferes with the binding of GRIP to
KIF5. Because only limited data are available about the KIF5/
GRIP1L2 binding (Hoogenraad et al., 2005; Kapitein et al.,
2010; Setou et al., 2002; Thomas et al., 2012), we first further
characterized the KIF5-GRIP1 interaction. We performed pull-
down assays by using GST coupled to the C-terminal tail domain
of KIF5 (GST-KIF5-C) and brain extracts to probe for endoge-
nous GRIP1 and found that GRIP1 specifically interacts with
GST-KIF5-C (Figure 5A). By using purified GST-KIF5-C and
His-tagged GRIP1-L2, we confirmed the direct binding between
GRIP1 and kinesin-1 (Figure 5B).ental Cell 28, 381–393, February 24, 2014 ª2014 Elsevier Inc. 385
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Figure 4. Transgenic Mice Expressing GRIP1 T956 > A Have Dendritic Defects
(A) Expression levels of transgenic GRIP1 in the mouse lines.
(B) Immunoprecipitation of embryonic brain lysates with anti-14-3-3 antibodies shows that GRIP1 binding to 14-3-3 is reduced in the mutated transgenic GRIP1
lines (GRIP1KO background).
(C–H) GRIP1-WT but not GRIP1-T956A rescues the GRIP1KO dendritic defects. 1 DIV cultured hippocampal neurons were transfected with GFP and stained for
GFP andMAP2 at 3 DIV. Representative images of wild-type littermate neurons (WT) (C, D, and E, upper panels), GRIP1-KO (C, lower panel) and neurons isolated
from the transgene GRIP1-WT (line 1285) backcrossed to the GRIP1-KO (D, lower panel), and the transgene GRIP1-T956A (line 3614) backcrossed to the GRIP1-
KO (E, lower panel). Sholl analysis and quantification of the average number of crossings (mean ± SEM) within 40 mm distance from the soma are shown for the
different conditions (F, G, and H) (F: n = 13–15; G: n = 15; H: n = 21–24). See also Figure S2.
(I and J) Hippocampal CA1 neurons of vibratome sections from postnatal (P)10 Thy1GFPmice expressing themutatedGRIP1-T956A transgene show a reduction
in basal dendrites. Representative images of CA1 neurons from WT mice or WT mice expressing the GRIP1-T956A are shown in (I). Sholl analysis and quan-
tification of the average number of crossings (mean ± SEM) within 200 mm distance from the soma are shown (n = 18–23) (J).
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GRIP1/14-3-3 Controls Cargo TransportTo more directly study the functional interaction between
GRIP1L2 and kinesin-1, we turned to the cargo trafficking
assay using peroxisomes as a tool to report the cargo transport
activity of GRIP protein (Kapitein et al., 2010; van Spronsen386 Developmental Cell 28, 381–393, February 24, 2014 ª2014 Elsevet al., 2013). Peroxisomes were labeled by expressing a fusion
construct of the peroxisomal PEX3 membrane-targeting signal
to the green fluorescent protein (PEX3-GFP). Because the L2
region of GRIP1 binds to kinesin-1, we generated constructsier Inc.
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Figure 5. The L2 Domain Binds to KIF5 and Translocates Cargo to the Cell Periphery
(A) Rat brain extract pull-down with GST (control) and GST-KIF5-Ct (tail domain). Endogenous GRIP1 was detected by western blotting with anti-GRIP1 anti-
bodies. GST-proteins were visualized by Coomassie staining.
(B) In vitro binding assay using purified GST (control) and GST-KIF5-Ct (tail domain) bound to beads and purified His-GRIP1L2. Precipitated His-tagged GRIP1L2
was detected by western blotting with antibodies against His. GST-KIF5-Ct and HIS-GRIP1L2 proteins were visualized by Coomassie staining.
(C) Schematic representation of the peroxisome (cargo) trafficking assay. Direct fusion of PEX-GFP with the GRIP1L2 fragment (PEX-GFP-GRIP1L2) or kinesin
light chain (PEX-GFP-KLC). Binding of peroxisomal tagged GRIP1L2 or KLC to endogenous KIF5 allows the translocation of the peroxisomes in HeLa cells.
(D) Schematic representation of the three distribution patterns observed in HeLa cells using the peroxisome-based trafficking assay; random distribution (white),
peripheral (black), or pericentral (gray) accumulations.
(E) Representative examples of HeLa cells expressing PEX-GFP (control) or PEX-GFP-L2 and stained for the peroxisomal marker PEX1.
(F) Representative example of HeLa cells coexpressing PEX-GFP-L2 and KIF5B siRNA and stained for KIF5B to indicate efficient knockdown.
(G) Percentage of HeLa cells showing dispersed, pericentral, or peripheral distribution of PEX-GFP-tagged GRIP1L2, or kinesin light chain (KLC-FRB) and
cotransfection with KIF5B siRNA, myc-KIF5B, or HA-p50 constructs.
See also Figure S3.
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GRIP1/14-3-3 Controls Cargo Transportwhere PEX3 was coupled to GRIP1-L2 (PEX3-GFP-L2, Fig-
ure 5C) to determine whether the L2 fragments can induce ki-
nesin-dependent motility. As a control we used the N-terminal
domain of kinesin light chain (PEX3-GFP-KLC, Figure 5C),
which has been previously shown to drive microtubule plus-
end directed kinesin-1/KIF5-mediated cargo transport (Kapitein
et al., 2010). In HeLa cells transfected with the PEX-GFP
construct, most peroxisomes were randomly distributed (Fig-
ures 5D and 5E), while cells expressing PEX3-GFP-L2 orDevelopmPEX3-GFP-KLC revealed a robust clustering in the cell periph-
ery (Figures 5D and 5E; data not shown), indicative of microtu-
bule plus-end directed cargo transport. Quantification of the
peroxisomal distribution showed that respectively 30% and
50% of the PEX3-GFP-L2 or PEX3-GFP-KLC cells have
peripheral peroxisome clusters, compared to none in control
cells (Figure 5G). These data suggest that the L2 region of
GRIP1 mediates microtubule plus-end-directed translocation
of cargo.ental Cell 28, 381–393, February 24, 2014 ª2014 Elsevier Inc. 387
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Figure 6. Thr956 in the L2 Domain Binds KIF5 in a Nonphosphorylated State and Controls Microtubule-Based Motility
(A) Lysates from HeLa cells transfected with GFP-GRIP1L2, untreated, or treated for 1 hr with 1 mM staurosporine or 1 hr with 1 mM okadaic acid were immu-
noprecipitated with anti-GFP probed for GFP and endogenous KIF5B and 14-3-3.
(B) Brain lysates from GRIP1KO mice with the HA-tagged WT transgene (GRIP1KO Tg WT) or the T956A transgene (GRIP1KO Tg T956 > A) were immuno-
precipitated with anti-HA and analyzed for coprecipitated KIF5B.
(C) Lysates from HeLa cells transfected with myc-tagged GRIP1-WT or GRIP1-T956E were immunoprecipitated with anti-myc-antibodies and probed for myc
and endogenous KIF5B and 14-3-3.
(D–G) KIF5-GRIP1 interaction is required for dendrite development. 1 DIV cultured hippocampal neurons were transfected with either only GFP or with GFP
together with a dominant negative KIF5B tail construct (KIF5BDN) (D and F) or with GRIP1T956E (E andG) and stained for GFP andMAP2 at 3DIV. Representative
images of control neurons (Co) (D and E, upper panels) and neurons overexpressing KIF5B DN (D, lower panel) or GRIP1-T956E (E, lower panel). Sholl analysis
and quantification of the average number of crossings (mean ± SEM) within 40mm distance from the soma are shown in (F) and (G) (n = 20).
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down (Figure 5F) and inhibition of dynein/dynactin by HA-p50/
dynamitin on GRIP1-L2-mediated peroxisomal transport. While
in 30% cells expressing PEX-GFP-L2 peripheral peroxisome
clusters were present, the peroxisomes were randomly distrib-
uted in KIF5B-depleted cells (Figures 5F and 5G). In contrast,
the peripheral clusters were not disrupted by overexpression
of HA-p50/dynamitin (Figure 5G). Coexpression of myc-KIF5B
redistributed the PEX-GFP-L2 constructs to the cell periphery
in70%of the cells (Figures 5G and S3). Similar results were ob-
tained with PEX3-GFP-KLC construct. These data demonstrate
that the L2 region in GRIP1 proteins is sufficient to induce kine-
sin-1-directed translocations.
Binding of 14-3-3 to GRIP1 Displaces Kinesin Binding
Next, we determined whether 14-3-3 controls the binding of
GRIP to KIF5. Because phosphorylation of GRIP1L2 is required388 Developmental Cell 28, 381–393, February 24, 2014 ª2014 Elsevfor the binding of 14-3-3, we first investigated the effect of
GRIP1 phosphorylation on the GRIP1 interaction with KIF5 by
performing immunoprecipitation assays. GFP-GRIP1-L2 was
expressed in control-, okadaic acid-, and staurosporine-treated
HeLa cells and was immunoprecipitated by GFP and probed for
endogenous KIF5B and 14-3-3 (Figure 6A). As expected, the
binding of 14-3-3 was decreased in the presence of staurospor-
ine but the interaction with KIF5 was strongly increased (Fig-
ure 6A), suggesting that dephosphorylation of GRIP1L2 abol-
ishes the interaction with 14-3-3 but enhances the association
with KIF5. In agreement with this, immunoprecipitation of GRIP
from mouse brain lysates from GRIP1WT and GRIP1T956A
transgenic lines showed that the unphosphorylated form of
GRIP1 strongly binds KIF5 in vivo (Figure 6B). In order to
generate a mutant of GRIP1 with a constitutive phosphorylation
in Thr956, we substituted the threonine residue by glutamic acid
(GRIP1-T956E). HeLa cells were transfected with myc-taggedier Inc.
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Figure 7. Thr956 in the L2 Domain Controls
Microtubule-Based Cargo Motility
(A) Inducible cargo trafficking assay. Schematic
representation of the cargo trafficking assay is
shown in (A). Fusions of FRB with wild-type (WT),
mutant (T956A, T956E) GRIP1L2 fragments
(GRIP1L2-FRB), or kinesin light chain (KLC-FRB)
are recruited to PEX-RFP-FKBP upon addition of
rapamycin analog AP21967 (rapalog).
(B–E) Peroxisome distribution before, 30 min
and60min after rapalog addition in the presence of
GRIP1L2-FRB, GRIP1L2 (T956A)-FRB, GRIP1L2
(T956E)-FRB and kinesin light chain construct
(KLC-FRB). Blue lines indicate HeLa cell outline.
Black arrows point peroxisome accumulation at
the border of the cell.
(F) Time traces of R90% for cells transfected with
the GRIP1L2-FRB (n = 15; blue line), GRIP1L2
(T956A)-FRB (n = 9; green line), GRIP1L2 (T956E)-
FRB (n = 11; red line), KLC-FRB (n = 5; black line).
Note R90% indicates the radius for each time point
that includes 90%of the total fluorescent intensity.
(G and H) Graphs showing peroxisome displace-
ment 30 min (G) and 60 min (H) after addition of
rapalog. ns, nonsignificant.
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probed for endogenous KIF5 and 14-3-3 (Figure 6C). The binding
of KIF5 to the phosphor-mimetic form of GRIP1, GRIP1T956E,
was decreased and conversely 14-3-3 binding was increased.
These results support a model in which GRIP1 phosphorylation
increases the binding of 14-3-3 proteins and displaces the bind-
ing of GRIP1 to kinesin.
Our results suggest that GRIP1 phosphorylation regulates the
binding of KIF5 and dendritic development. Therefore, we next
tested whether kinesin-1 motor activity is required for proper
dendrite development. Neurons were transfected with myc-
tagged dominant-negative kinesin-1 construct (KIF5-tail) and
analyzed for dendrite branching using Sholl analysis. Similar to
GRIP1 knockout neurons, we observed a marked reduction in
dendrite formation and branching after 3 DIV (Figures 6D and
6F), indicating the importance of kinesin-1motor activity for den-
dritic arborization. In agreement with these results, transfection
of neurons with the GRIP1T956E mutant that shows decreasedDevelopmental Cell 28, 381–393,KIF5 binding resulted in similar reduction
of dendritic branching analyzed by Sholl
analysis (Figures 6E and 6G).
Thr956 in the L2 Domain Controls
Microtubule-Based Cargo Motility
To directly test how the Thr956 phosphor-
ylation of GRIP1 affects kinesin-1-medi-
ated cargo transport, we turned to an
inducible motor/cargo trafficking assay
in HeLa cells (Kapitein et al., 2010). In
this assay, FRB-FKBP heterodimerization
is used to induce the binding of the motor
or adaptor protein to artificial cargos
(such as peroxisomes) during live-cell re-
cordings (Hoogenraad et al., 2003; Kapi-tein et al., 2010). For these experiments, peroxisomes were
labeled by expressing PEX-RFP-FKBP, a fusion construct of
PEX3-RFP (the peroxisomal membrane-targeting signal coupled
to the red fluorescent protein [RFP]), and FKBP12 (a domain that
can be crosslinked to an FRB domain using rapalog [AP21967])
(Figure 7A). To probe activity of the GRIP1-WT and mutant pro-
teins, we fused the L2 region of GRIP1: GRIP1L2-WT, GRIP1L2-
T956A, and GRIP1L2-T956E to FRB. As a positive control, we
used KLC fused to FRB (Kapitein et al., 2010). In the absence
of rapalog, the peroxisomes predominately distribute around
the perinuclear region of the cell. Upon rapalog addition, we
observed directional translocation of peroxisomes toward the
cell periphery in cells transfected with GRIP1L2WT-FRB similar
to KIF5 driven peroxisome motility KLC-FRB (Figures 7B–7H).
Interestingly, the average displacement of the peroxisomes in
GRIP1L2T956E cells was markedly lower than in GRIP1L2WT,
GRIP1L2T956A, andKLC cells (Figures 7D and 7F–7H). This sug-
gests that the Thr956 phosphomimetic mutant of GRIP1, whichFebruary 24, 2014 ª2014 Elsevier Inc. 389
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sin-1 and therefore most of the peroxisomes, even 60 min after
rapalog addition, were still detected at the center of the cell.
Taken together, these data demonstrate that the L2 region of
GRIP1 drives kinesin-1-based cargo transport, which is regu-
lated by phosphorylation at Thr956 and 14-3-3 binding.
DISCUSSION
The neuronal trafficking pathway represents the intracellular
route for proteins involved in synaptic transmission and plas-
ticity, as well as lipids required for outgrowth and remodeling
of dendrites and axons (Ehlers, 2007). Molecular motors from
the kinesin family (KIFs) have been shown to be important for
the transport of cargos from the cell body to the distal dendrites
along microtubules (for review, see Hirokawa et al., 2010; Kapi-
tein and Hoogenraad, 2011). KIF17 transports NMDA receptor
vesicles (Setou et al., 2002) and KIF5 has been shown to be
involved in the transport of GABA receptor vesicles (Twelvetrees
et al., 2010), mRNAs bound to large protein complexes (Dicten-
berg et al., 2008; Kanai et al., 2004), AMPA receptor-containing
vesicles (Setou et al., 2002), and EphB2 receptors (Hoogenraad
et al., 2005). For some of these cargos, the molecular motors
bind to adaptor molecules (Hirokawa et al., 2010; Schlager and
Hoogenraad, 2009). GRIP1 is a multi-PDZ-containing protein
that binds to KIF5 to transport AMPA receptors and EphB2 re-
ceptors to dendrites (Hoogenraad et al., 2005; Setou et al.,
2002). Indeed, at an ultrastructural level, GRIP1 is frequently
associated with vesicular structures, such as endosomes in den-
dritic shafts and spines (Dong et al., 1999; Thomas et al., 2012).
Importantly, this function of GRIP1 as an adaptor molecule bind-
ing KIF5 has been shown to be required for dendrite morpho-
genesis in hippocampal neurons in culture using GRIP1 siRNA
knockdown approaches (Hoogenraad et al., 2005). Genetic dele-
tion of GRIP1 leads to early embryonic lethality (Takamiya et al.,
2004) and has hampered the study of the roles of GRIP1 in vivo.
Here, we succeeded in isolating hippocampal neurons at embry-
onic day E15 from GRIP1KO in the C57BL/6 background and
found that GRIP1 is necessary for proper dendritic development.
The effects of GRIP1 deletion on dendritic development were
significant at 3 DIV and 6DIV and still present although not reach-
ing statistical significance at 14 DIV suggesting that at least par-
tial compensatory mechanisms are likely to be present in GRIP1
depleted neurons. Importantly, our study provides genetic evi-
dence that GRIP1 is required for dendritic development.
Thr956 and 14-3-3 Regulate GRIP1-Mediated Cargo
Transport
Regulatory mechanisms that control the cargo binding and
release are largely unknown. Here, we have identified an interac-
tion between GRIP1 and 14-3-3 proteins that is essential for the
function of GRIP1 as an adaptor protein in dendritic cargo trans-
port. 14-3-3 binds to GRIP1 in a phosphorylation-dependent
manner and regulates the binding of KIF5 toGRIP1 thereby regu-
lating the transport of cargos. 14-3-3 proteins frequently
compete with other binding proteins by masking interacting mo-
tifs of the latter (Mackintosh, 2004). Based on this mechanism,
we propose a model in which phosphorylation of the threonine
residue 956 results in binding of 14-3-3 to GRIP1, thereby dis-390 Developmental Cell 28, 381–393, February 24, 2014 ª2014 Elsevrupting kinesin-GRIP1 binding and ultimately leading to the
release of the transported cargo. A similar mechanism was re-
ported for the transport and release of the NMDA receptor sub-
unit NR2B. Here, cargo vesicles containing NR2B are linked to
the kinesin KIF17 via the scaffolding protein Mint1 (Setou et al.,
2000). Upon phosphorylation of a serine residue in KIF17,
Mint1 is released from the phosphorylated molecular motor,
thus leading to the unloading of the cargo vesicles (Guillaud
et al., 2003). In agreement with this model, a mutant GRIP1
that mimics constitutive phosphorylation (GRIP1-T956E) shows
increased binding of 14-3-3 and decreased binding of KIF5.
Importantly, this mutant of GRIP1 results in impaired directional
motility of cellular cargo in a motor/cargo trafficking assay in
HeLa and reduced dendritic arborization in hippocampal neu-
rons, mimicking the KIF5 loss-of-function phenotype in hippo-
campal neurons. Interestingly, a deficient phosphorylation
mutant (GRIP1-T956A) that results in a decreased binding of
14-3-3 and increased binding of KIF5 also leads to reduced
dendritic arborization in hippocampal neurons. This mutant of
GRIP1 drives kinesin-1-based cargo transport toward the
periphery of the cell but would be unable to detach from the
motor, suggesting that 14-3-3 is required for regulation of both
the loading and the release of cargo.
Thr956 in GRIP1 Is Required for Dendritic Patterning
Despite GRIP1 and GRIP2 being present in the brain (Dong et al.,
1999), only GRIP1 appears to modulate dendritogenesis; knock-
ing down GRIP1, but not GRIP2, reduces the number of den-
drites, whereas GRIP1 overexpression, but not GRIP2, leads to
more dendrites (Hoogenraad et al., 2005). Whereas the PDZ do-
mains of GRIP1 andGRIP2 are highly homologous, the two linker
regions between the PDZ domains 3–4 and 6–7 have little
sequence similarities (Dong et al., 1999). The 14-3-3 binding
motif containing Thr956 is only present in GRIP1, but not in
GRIP2, which is consistent with our finding that 14-3-3 binds
exclusively to GRIP1. The importance of L2 for dendrite morpho-
genesis is supported by the finding that expression of a GRIP1
mutant lacking the PDZ domain 7 plus L2 could not rescue the
GRIP1-siRNA-induced loss of dendrites in contrast to a GRIP1
mutant lacking only the PDZ domain 7 (Hoogenraad et al.,
2005). Thus, the binding of 14-3-3 to GRIP1 via L2 might distin-
guish GRIP1’s functions from GRIP2. Alternative posttranscrip-
tional modifications can differentially regulate GRIP1 and
GRIP2 as well. Specific DHHC5/DHHC8-mediated palmitoyla-
tion seems to target GRIP1, but not GRIP2, to trafficking endo-
somes to serve as a link between endosomes and KIF5 (DeS-
ouza et al., 2002; Misra et al., 2010; Thomas et al., 2012).
In order to rescue the dendritic phenotype observed in GRIP1
KO animals, we generated transgenic animals expressing either
GRIP1-WT or GRIP1-T956A and show that the mutant GRIP1
failed to rescue the dendritic phenotype. We also investigated
whether binding of other GRIP1 interaction partners was also
impaired by the mutation of Thr956. FRAS1 binds to GRIP1
through PDZ1 and PDZ2 domains (Long et al., 2008), and this
binding is essential for GRIP1 to localize FRAS1 to the basal
membrane where FRAS1 interacts with collagens and NG2 (Ta-
kamiya et al., 2004). Mutation of Thr956 did not affect the binding
of FRAS1 (data not shown) suggesting that Thr956 and the bind-
ing of GRIP1 to 14-3-3 is specific for the function of GRIP1 inier Inc.
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the fact that the transgene GRIP1-956A that acts as a dominant
negative affects the dendritogenesis of hippocampal neurons
in vivo without affecting the function of GRIP1 during skin
development.
Dendritic development has emerged as a process involved in
several neurological and neurodevelopmental disorders such as
schizophrenia, Down’s syndrome, fragile X syndrome, Angelman
syndrome, Rett syndrome, and autism (reviewed in Jan and Jan,
2010). Moreover, impairment of intracellular trafficking is detri-
mental to neurons and has emerged as a common factor in
several neurological disorders (Franker and Hoogenraad, 2013;
Millecamps and Julien, 2013). Direct evidence supporting the
involvement of motor and adaptor proteins in brain disease
comes from genetic studies identifying mutations in genes
involved in regulating neuronal trafficking. Here, we unravel a
mechanism for the protein GRIP1 to control dendritic develop-
ment through its action in the trafficking pathway. Our current
findings providemolecular targets to investigate the cargo trans-
port machinery in neurological and neurodevelopmental disease
models.
EXPERIMENTAL PROCEDURES
DNA Constructs
UbiKOZ-GRIP1-CTAP was generated by subcloning GRIP1-CTAP from
pRVCTAP-GRIP1 (Cellzome) into UbiKOZ. GRIP1-myc was generated by
subcloning GRIP1 from pRVCTAP-GRIP1 into pCDNA3.1Amyc/hisA. Point-
mutated GRIP1-myc was generated by site-directed mutagenesis. PCR-
amplified ORF of 14-3-3z was inserted into the HA-tagged version of the
MoMLV-based vector pZome1 (Cellzome) using the Gateway Technology.
GRIP1 deletion mutants were generated using the Gateway Technology and
the N-terminal V5-tag destination vector. Myc-GRIP2 was generated as
described (Bru¨ckner et al., 1999). GRIP1-WT and GRIP1-T956A constructs
for the transgenic mice were generated by substituting the TAP cassette of
the pUbiKOZ-GRIP1 by HA-tag. GRIP1L2-WT (755–987), GRIP1L2 (T956E),
and GRIP1L2 (T956A) from rat were cloned in pbactin-GFP-FRB. pbactin-
HA-KLC(1–175)-FRB was made by PCR from rat kinesin light chain (KLC) 1
cDNA (XM_216792) (Verhey et al., 1998). The kinesin-1 and dynein/dynactin
dominant negative constructs—KIF5B-tail (366–934) and p50/dynamin—
were generated by PCR-based strategies in pGW1 (van Spronsen et al.,
2013). We used the following siRNAs for knockdown in HeLa cells: KIF5B#1,
50-GCCUUAUGCAUUUGAUCGG (siRNA 118426, Ambion) and KIF5B#2,
50-GCACAUCUCAAGAGCAAGU (siRNA 118427, Ambion) as reported by
Splinter et al. (2010).
Animals
GRIP1-KO mice were obtained from R. Huganir (Takamiya et al., 2004). The
pronuclear injection for the generation of GRIP1-TAP mice was carried out
by the transgenic mice service of the EMBL (Heidelberg) (Kristine Vintersten).
The pronuclear injection for the GRIP1-T956A and GRIP1-WT mice was per-
formed by the transgenic core facility of theMPI of Neurobiology in Martinsried
(Michael Bo¨sl). Heterozygous Thy1-GFP mice were obtained from Jackson
Laboratories. All animal usewas carried out in compliancewith the appropriate
governmental authorities.
Antibodies
The following primary antibodies were used: chicken anti-GFP (immunofluo-
rescence [IF] 1:1,000) (Abcam), mouse anti-MAP2 (IF 1:500) (Chemicon), rabbit
anti-GRIP1 CT (immunoprecipitation [IP] 2.5 ml) (Millipore), mouse anti-GRIP1
(western blot [WB] 1:1,000) (Becton Dickinson), rabbit anti-pan 14-3-3 (IP 4 ml,
WB 1:2,000) (Santa Cruz, K-19), rabbit anti-14-3-3g (WB 1:1,000) (Santa Cruz,
C-16), mouse anti-kinesin heavy chain (WB 1:1000) (Chemicon, H2), rabbit
anti-KIF5 (UKHC, Santa Cruz, H-50), mouse anti-c-myc (WB 1:1,000) (SantaDevelopmCruz, 9E10), rat anti-HA (IP 10 ml) (Roche, 3F10), mouse anti-HA (WB
1:1,000) (Covance, 16B12), mouse anti-V5 (IP 1 ml, WB 1:5,000) (Invitrogen).
The secondary antibodies (Dianova) included donkey anti-chicken Alexa
488, donkey anti-mouse Cy3 and HRP-conjugated goat anti-mouse or goat
anti-rabbit.
Primary Hippocampal Neuron Cultures and Transfection
Primary hippocampal neurons from embryonic day E17 wild-type mice or E15
GRIP1-KO mice were isolated as described previously (Segura et al., 2007).
For details, see the Supplemental Experimental Procedures. Neurons were
transfected using a Ca2+ phosphate protocol (Cingolani et al., 2008).
Immunocytochemistry
MAP2 and GFP staining was performed as previously described (Essmann
et al., 2008). For details, see the Supplemental Experimental Procedures.
Tandem Affinity Purification, Protein Digestion, and Mass
Spectrometry
These techniques were performed as described (Angrand et al., 2006). For de-
tails, see the Supplemental Experimental Procedures.
Immunoprecipitation and Western Blot Analysis
Immunoprecipitation assays and western blot analysis were performed as pre-
viously described (Essmann et al., 2008). For details, see the Supplemental
Experimental Procedures.
Cell Lines and Transfection
HeLa cells were maintained in D-MEM supplemented with 10% FBS, 1%
penicillin/streptomycin, and 1% glutamine at 37C in a 5% CO2 incubator.
Cells were transfected using Effectene transfection reagent.
Perfusion and Vibratome Sectioning
Postnatal mice were transcardiac-perfused under anesthesia with 0.1M phos-
phate-buffered saline containing 4% paraformaldehyde (PFA). Brains were
dissected and postfixed overnight at 4C in 4% PFA. Coronal sections
(60 mm) of agarose-embedded brains were cut using a vibratome andmounted
in Dako mounting medium.
Image Acquisition and Data Analysis
Life-imaging and analysis of the rapalog-induced peroxisome transport in
HeLa cells was performed as described previously (Kapitein et al., 2010).
Rapalog (AP21967) was dissolved to 1mM in ethanol. To inducemotility during
image acquisition, 0.2 ml of culture medium containing rapalogwas added to a
final rapalog concentration of 100 nM. Graphing and statistical analysis of data
were done using GraphPad Prism (GraphPad Software).
Data Analysis
For Sholl analysis in Image J, 15 neurons on average were quantified per ge-
notype/construct. To exclude axons from the analysis, a MAP2 mask was
multiplied with the GFP image. Neurites of this image were traced using the
ImageJ-Plugin-NeuronJ (Meijering et al., 2004). Sholl analysis Plugin (Ghosh
Laboratory, University of California, San Diego) was applied using a 5 mm
step size between consecutive rings around the soma. For statistical analysis,
the average number of crossings within 40 mmdistance (cultured hippocampal
neurons) or 200 mm distance (basal CA1 dendrites from coronal sections) from
the soma was quantified. To determine the number of primary dendrites, the
number of crossings from dendrites with a concentric circle in a distance of
5 mm from the soma was used.
Statistical Analysis
At least three independent experiments for each genotype/construct were
conducted. For each experiment, statistical significance was determined by
the two-tailed Student’s t test. On the basis of these independent experiments,
Fisher’s combination test was executed. Results are expressed as the mean ±
SEM. Statistical significance was assumed when p < 0.05. In Figures 1, 3, 4, 6,
and 7 *p < 0.05, **p < 0.01, and ***p < 0.001.ental Cell 28, 381–393, February 24, 2014 ª2014 Elsevier Inc. 391
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